The discovery of the metallic conduction at the interface between two insulating oxides, LaAlO 3 ͑LAO͒ and SrTiO 3 
͑STO͒,
1 has attracted intensive attention in recent years.
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However, no consensus on its origin has been achieved. 3 The polar catastrophe induced electronic reconstruction, 1,2 the oxygen vacancies dominated conduction, 4 or the extrinsic doping by La-interdiffusion at interface, 5 all can explain the conducting behavior. Nevertheless, it has been generally accepted that the conduction is confined to the interface in samples grown under an oxygen pressure range of 1.0 ϫ 10 −5 Ͻ P O 2 Ͻ 1.0ϫ 10 −4 mbar. 2 Meanwhile, the interfacial conducting behavior depends critically on LAO film thickness d. 6 The metallic conducting heterointerface appears only when d reaches a critical value of 4 unit cells ͑uc͒, below which the interface remains insulating. Interestingly, when d = 3 uc, the insulating interface could be turned to be conducting by external electric field. 6 Furthermore, this electric-field controlled interfacial metal-insulator ͑MI͒ transition can also be realized at nanometer scales by means of a conducting atomic force microscopy ͑CAFM͒ probe. 7 These findings show application potentials in oxide electronic devices, 8, 9 however, their underlying mechanisms are also not clarified unambiguously. In this letter, besides the electric-field controlled interfacial MI transition at d =3 uc in air, a reproducible resistance switching of the interfacial conductance is observed for d Ն 3 uc samples in a vacuum environment, which is proposed to originate from the modulation of oxygen ion transfer in STO by external electric field near the interface.
The LAO films were deposited by pulsed laser deposition from a single crystalline LAO target on TiO 2 -terminated ͑001͒ STO substrates. 10 During deposition, a substrate temperature of 750°C and an oxygen pressure of 2.0 ϫ 10 −5 mbar were used. The film growth process was monitored by high-pressure reflective high energy electron diffraction ͑RHEED͒. Clear RHEED intensity oscillations, indicating a layer-by-layer film growth mode, were observed and were used to determine the film thickness d. After film deposition, the samples were cooled down to room temperature under deposition oxygen pressure. CAFM measurements were performed at room temperature on three samples with d = 1, 3, and 6 uc both in air and in high vacuum with a background pressure of 1.0ϫ 10 −6 mbar. A schematic illustration of the CAFM measurement is shown in Fig. 1͑a͒ , a conducting PtIr-coated tip, which acts as a mobile electrode, is grounded, and the voltage is applied laterally to the other electrode of deposited Cu on the surface. Before conducting measurements, the morphology of the samples is checked by AFM. All samples show an atomically flat terrace surface with terrace height of about 0.4 nm, as shown in Fig. 1͑b͒ . As a preliminary study of the interfacial conduction, we measured, in air, the local currentvoltage ͑I-V͒ curves of the lateral structure with a current compliance of 100 pA ͑determined by our external current amplifier͒ by positioning the tip at different points. No current is detected under various applied voltage between Ϫ10 and +10 V for the sample with d = 1 uc, suggesting a highly insulating interface state. While, for the sample with d = 6 uc, a sharp current increase is obtained once the amplitude of applied voltage is increased to about 5 V. Fixed point measurements show a symmetric nonlinear I-V curve when sweeping voltage in the sequence of 0 → −7 V → 0 → 7 V → 0 as shown in Fig. 2͑a͒ , and no obvious hysteresis is found in I-V curves. These results indicate that the interface is highly conductive, 2, 3 and that the measured currents may be dominated by electron tunneling currents through the LAO barrier layer. As for the sample with d = 3 uc, no current is measured when a positive voltage is applied, even the voltage is up to +10 V, which indicates an insulating state of the a͒ Electronic mail: yunc@risoe.dtu.dk. interface. However, a high enhancement of current appears once a negative voltage above the threshold value of Ϫ4.5 V is applied, which suggests the occurrence of the filedinduced MI transition as previously reported. 7 More interestingly, an asymmetric hysteresis I-V curve is clearly observed when sweeping voltage in the sequence of 0 → −6 V → 0 → 6 V→ 0 during fixed point measurements as shown in Fig. 2͑b͒ . The hysteretic I-V curve becomes nearly stable in the following measurements with the threshold voltage for current booming reduced to about Ϫ3.5 V. However, no current is detected under positive voltages during all the measurement processes. In addition, it is found that increasing the positive voltage to higher than +6 V will result in obvious changes in the surface morphology for this d = 3 uc sample. Note that no obvious morphology changes are observed in all other measurements.
Though no current is measured under any positive voltage even after the appearance of negative-voltage induced MI transition in d = 3 uc sample, the hysteresis in I-V curve generally implies a nonvolatile resistance switching behavior in transition metal oxides. 11 To understand its reason and to exclude the possibility of surface contamination, similar investigations are also performed in vacuum. Consistent with the results in air, the vacuum I-V measurements also show no interfacial conduction for d = 1 uc sample. However, the application of voltage pulses in vacuum produces profound changes in the I-V characteristics of both samples with d = 3 and 6 uc. The most striking feature of the I-V curves is the appearance of obvious hysteresis in both samples when sweeping voltage between negative and positive values during fixed point measurements. As shown in Figs. 3͑a͒ and 3͑b͒, applying a negative bias to the electrode up to a threshold value ͑Ϫ2.8 V for d = 6 uc, Ϫ3.9 V for d =3 uc͒ markedly increases the interfacial conductance, and leads to the appearance of nearly symmetric I-V curves. While, a large positive voltage ͑+4 V for d = 6 uc, +9 V for d =3 uc͒ can turn the interface back to a high resistance state. Moreover, this switching behavior is highly reproducible even after several cycles. Figures 3͑c͒ and 3͑d͒ show the current distribution maps of a scanned sample with d = 6 uc under different biases. After scanning the tip linearly on the surface with a bias of Ϫ5 V, low resistance lines with a width of about 10 nm appear under the scanned area ͑reading voltage of +2 V͒ while leaving the other areas unaffected ͓Fig. 3͑c͔͒. This low resistance state could be latter removed by a positive bias of +5 V applied perpendicularly to the low resistance lines as shown in Fig. 3͑d͒ , and could also be further turned back by applying the negative bias of Ϫ5 V again. Obviously, by sweeping the voltage between positive and negative bias, bipolar and nonvolatile resistance switching could be realized at the LAO/STO interface for d Ն 3 uc in vacuum.
The resistive switching effect has been observed in a wide variety of transition metal oxides, [11] [12] [13] [14] [15] the origin of which relies on the interplay of ionic and electronic conduction. Generally, the attracting and repelling of oxygen vacancies by applied voltage pulses constitutes the core process of this resistance switching, 11 which leads to the changes in the valence state of the transition metal cations and the electronic conductivity. Considering the facts that no valencechange metal-cation presents in LAO films, and that the resistance switching behavior for d = 6 uc is quite similar to those observed in a metallic oxygen-deficient STO single crystal, 14 which is also only possible under vacuum conditions, the resistance switching at the LAO/STO interface may mainly result from STO substrate with oxygen vacancies near the interface, as shown in Fig. 4͑a͒ . Under this assumption, the resistance switching can be understood as follows: when a large negative voltage is applied to the Cu electrode, the oxygen ions ͑O 2− ͒ will be repelled to the tip, i.e., the anode. Meanwhile, the oxygen vacancies, which act as donors in STO, will accumulate under the electrode ͑cath-ode͒ area and propagate toward the tip to form highly conducting filaments that result in the formation of a lower resistance state, as illustrated in Fig. 4͑b͒ . This low resistance state will be kept until a large positive voltage pulse is applied to the Cu electrode. Then, the oxygen ions are attracted nearby and removed some oxygen vacancies beneath the electrode, which finally cuts the conducting filaments and results in a high resistance state, as illustrated in Fig. 4͑c͒ . Additionally, due to the presence of the LAO layer, the LAO/ STO interface resembles greatly an oxide dual-layer memory element. 15 The movement of oxygen ion under negative/ positive voltage pulses will also lead to depletion/ accumulation of negatively charged oxygen ions in the LAO film, which acts as a tunneling barrier layer. This will result in a reduction/enhancement of the effective height of the tunnel barrier, thus a contribution to the low/high resistance switching behavior. Therefore, the resistance switching at the interface of LAO/STO should be a consequence of the combination effects of both field-induced oxygen vacancies redistribution and field-modulated tunnel barrier height change. However, since the change in the tunnel barrier height will result in a smooth resistance variation, 15 the observed abrupt resistance change strongly suggests that the oxygen vacancies redistribution in STO plays a dominant role in determining the resistance switching at the interface of LAO/STO. This is also consistent with the fact that a nearly symmetric I-V curve is observed when the interface is switched to a low resistance state as shown in Figs. 3͑a͒ and 3͑b͒.
The resistance switching for the insulating sample of d = 3 uc is rather interesting, which may suggest the existence of oxygen vacancies in the initial state of the interface as shown in Fig. 4͑d͒ . If this is the fact, the oxygen vacancies should form in localized point defects at STO side, resulting in the insulating interface. Under negative voltage pulses, these point defects could be accumulated to line defects, such as dislocations, 14 and lead to the conducting interface and thus resistive switching behavior as illustrated in Figs. 4͑e͒ and 4͑f͒. Compared to the case of d = 6 uc with an initial conducting state, it is reasonable that a larger negative threshold voltage is needed here to accumulate the isolated oxygen vacancies, as observed in Fig. 3͑b͒ . Meanwhile, the larger positive voltage needed to switch the interface back to a high resistance state may result from the formed thinner conducting layer. Assuming this scenario, the electric-fieldinduced MI transition at d = 3 uc in air 7 may be a hint of the oxygen-vacancies-dominated resistance switching behavior. Furthermore, the conducting behavior 2,3 and the thickness dependent interfacial MI transition at d =4 uc ͑Ref. 6͒ in LAO/STO can also be explained by the oxygen vacancies evolution in STO from point defects to linear dislocations, whereas the oxygen vacancies may be triggered by the film growth process as shown in our recent researches. 16 In summary, a reproducible and bipolar electric-fieldinduced nanoscale resistance switching is observed at the interface of LAO/STO with d Ն 3 uc by a CAFM under vacuum environment. The switching behavior is suggested to mainly originate from the modulation of oxygen ion transfer in STO layer by external electric field in the vicinity of interface, whereas the LAO films acts as a barrier layer. 
